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Introduction {#sec1}
============

Asymmetric vinylogous aldol reaction (VAR) has been one of the most important reactions in the synthesis of complex natural products, especially in the synthesis of polyketides. In the past decades, catalytic asymmetric VAR of aldehydes or ketones has evolved from classical Mukaiyama vinylogous aldol reaction ([@bib12], [@bib7]; [@bib48], [@bib5], [@bib25], [@bib22], [@bib23]) to direct vinylogous aldol reaction (DVAR) ([@bib31], [@bib47], [@bib64], [@bib32], [@bib17], [@bib24], [@bib50]), which enjoys the advantages of easy reaction protocol and high atom economy ([@bib52], [@bib2], [@bib42]). However, the nucleophiles in DVAR were mainly limited to unsaturated carbonyl compounds and their close derivatives ([@bib3]). Unsaturated phosphonates or phosphine oxides, as well as unsaturated sulfones, have never been investigated as prenucleophiles in vinylogous aldol-type reactions.

In such reactions, synthetically versatile chiral vinylogous products containing α,β-unsaturated phosphonate or phosphine oxide moiety or α,β-unsaturated sulfone motif ([@bib44], [@bib56], [@bib29], [@bib30], [@bib20], [@bib33], [@bib34], [@bib54], [@bib14], [@bib1], [@bib43], [@bib63], [@bib38], [@bib49], [@bib39], [@bib45], [@bib16], [@bib62], [@bib18]), would be produced. Furthermore, phosphonates and phosphine oxides had great applications in medicinal and agricultural chemistry ([@bib40], [@bib46], [@bib9], [@bib21]). Sulfones, especially α,β-unsaturated sulfones, were widely distributed in biologically active compounds, even in the commercial pharmaceuticals ([@bib37], [@bib13], [@bib55], [@bib15]). Therefore it is highly desirable to achieve a vinylogous aldol-type reaction of unsaturated phosphonates or phosphine oxides, as well as unsaturated sulfones.

One inherent difficulty faced in the vinylogous aldol-type reaction of allyl phosphonate or allyl sulfone is the control of regioselectivity. The addition of allyl phosphonate to aldehyde was investigated by Yuan and co-workers in detail ([Scheme 1](#sch1){ref-type="fig"}A) ([@bib59], [@bib60]). Treating allyl phosphonate with ^*n*^BuLi in tetrahydrofuran (THF) at −70°C afforded the corresponding delocalized allylic carbanion, which reacted with benzaldehyde to give a mixture of α- and γ-adducts. α-Addition was the natural tendency and thus dominated the addition pathways, which led to the vinylogous product (γ-adduct) in significantly low yield. Increasing the steric hindrance of the alkyl group in phosphonate only led to a slight improvement of the γ-selectivity.Scheme 1Aldol-type Reactions of Aldehydes with Allyl Phosphonate and Sulfone and Selected Natural Products Synthesized with Horner-Wadsworth-Emmons and Julia Olefinations

Furthermore, the addition of allyl sulfone to benzaldehyde catalyzed by a phosphine-based strong base was studied by Verkade and co-workers, which delivered the α-adduct in 63% yield at −78°C ([Scheme 1](#sch1){ref-type="fig"}B) ([@bib27]). The same reaction promoted by stoichiometric ^*n*^BuLi also afforded the α-adduct exclusively, which was employed to prepare acyclic 2-phenylsulfonyl 1,3-diene in 89% yield ([@bib10], [@bib11], [@bib8]). Obviously, it is challenging to overcome the inherent α-selectivity in the aldol-type reactions of allyl phosphonate and allyl sulfone. The other difficulty in the DVAR is the remote asymmetric induction as the functional group (aldehyde, ketone, ester, and amide generally, and phosphonate or sulfone here) is far from the reactive γ-position in form, which was viewed as a challenge in asymmetric catalysis ([@bib51]). To the best of our knowledge, there is no reported enantioselective method to carry out a vinylogous aldol-type reaction of allyl phosphonate or allyl sulfone ([Scheme 1](#sch1){ref-type="fig"}C).

The α-carbanions of phosphonate and sulfone have been employed as nucleophiles in Horner-Wadsworth-Emmons (HWE) and Julia olefinations, which were identified as two prominent synthetic tools to assemble the carbon-carbon double bond in organic synthesis, especially in the total synthesis of complex natural products ([@bib28], [@bib36]) (such as callipeltoside A, dictyostatin, indolizomycin and ambruticin) ([Scheme 1](#sch1){ref-type="fig"}D) ([@bib53], [@bib19], [@bib26], [@bib35]). The products from the saturation of vinylogous aldol-type products (**3**/**5**) would be suitable substrates for HWE and Julia olefinations for further structure elaboration. Herein, we report two asymmetric vinylogous aldol-type reactions of aldehydes with allyl phosphonate and allyl sulfone catalyzed by a bulky chiral copper(I) complex and an organic base. The deprotonation of allyl phosphonate or allyl sulfone would generate a nucleophilic allylcopper(I) species, which afforded the vinylogous product through an asymmetric allylation via a six-member ring transition state ([Scheme 1](#sch1){ref-type="fig"}C).

Results and Discussion {#sec2}
======================

The reaction of allyl sulfone **4\'/4** and benzaldehyde (**2a**) was investigated as a model reaction in the presence of Cu(CH~3~CN)~4~PF~6~, phosphine ligand, and Barton\'s base ([Table 1](#tbl1){ref-type="table"}). In all cases with **4′**, the vinylogous product **5a′** was obtained with unsatisfactory regio- and enantioselectivities (entries 1--9). (*R*)-DTBM-SEGPHOS, an effective bulky ligand, led to good control of the enantioselectivity in our previously reported catalytic asymmetric aldol reaction of unsaturated esters and aldehydes ([@bib61]) and gave excellent control of the regioselectivity. The enantioselectivity was improved from 43% to 76% by switching phenyl to 2-pyridinyl (entry 10). Lowering the temperature to −40°C resulted in 97% enantiomeric excess (ee) for **5a** (entry 11). The moderate yield was enhanced to 98% by changing the ratio of **2a**/**4**, increasing the amount of Barton\'s base to 30 mol %, and prolonging the reaction time to 36 h (entries 12--14). Finally, the catalyst loading was successfully decreased to 3 mol % without changing both regio- and enantioselectivities (entry 15).Table 1Optimization of the Reaction Conditions[a](#tblfn1){ref-type="table-fn"}![](fx2.gif)EntryArLigandT (^°^C)xTotal yield[b](#tblfn2){ref-type="table-fn"}γ/α[b](#tblfn2){ref-type="table-fn"}ee of 5a′/5a[c](#tblfn3){ref-type="table-fn"}1Ph(*R*)-BINAPrt552%1/1.545%2Ph(*R*)-TOL-BINAPrt543%1/133%3Ph(*R*)-SEGPHOSrt542%1/1.58%4Ph(*R*)-QUINAPrt511%1/140%5Ph(*R,R*)-QUINOXP\*rt548%1.5/18%6Ph(*R*)-(*S*)-JOSIPHOSrt551%1/158%7Ph(*R,R*~*p*~)-TANIAPHOSrt547%1/251%8Ph(*R,R*)-Ph-BPErt537%1/114%9Ph(*R*)-DTBM-SEGPHOSrt580%\>20/143%102-Py(*R*)-DTBM-SEGPHOSrt570%\>20/176%112-Py(*R*)-DTBM-SEGPHOS−40576%\>20/197%12[d](#tblfn4){ref-type="table-fn"}2-Py(*R*)-DTBM-SEGPHOS−40579%\>20/197%13[d](#tblfn4){ref-type="table-fn"}2-Py(*R*)-DTBM-SEGPHOS−403092%\>20/197%14[d](#tblfn4){ref-type="table-fn"}^,^[e](#tblfn5){ref-type="table-fn"}2-Py(*R*)-DTBM-SEGPHOS−403098%\>20/197%15[d](#tblfn4){ref-type="table-fn"}^,^[e](#tblfn5){ref-type="table-fn"}^,^[f](#tblfn6){ref-type="table-fn"}2-Py(*R*)-DTBM-SEGPHOS−403082%\>20/197%[^2][^3][^4][^5][^6][^7][^8][^9]

By modifying the optimized reaction conditions for **4** (3 equiv. **1**, 20 mol % Barton\'s base, and −10°C), the substrate scope of aldehydes **2** in the reaction with allyl phosphonate **1** was studied ([Table 2](#tbl2){ref-type="table"}). Aromatic aldehydes with electron-withdrawing groups or electron-donating groups were competent substrates to generate the corresponding vinylogous products uniformly in good yields with both excellent regioselectivity (\>20/1) and excellent enantioselectivity (≥95% ee) (**3a**-**3o**). Moreover, the reaction was not sensitive to the position of a substituent on the phenyl ring of the aromatic aldehydes. Even the sterically congested *ortho*-CF~3~-benzaldehyde afforded the product **3l** in 91% yield with 95% ee. 1-Naphthaldehyde was also an excellent substrate (**3p**). Moreover, the present reaction conditions were applicable to various heteroaromatic aldehydes (**3q**-**3x**). Although the yields were moderate in some cases, both regio- and enantioselectivities were excellent. Particularly noteworthy are the aldehydes containing a pyridine motif (**3t**) and a carbazole motif (**3x**) as these functional groups potentially can coordinate to the metal center and thus deactivate the catalyst.Table 2Substrate Scope of Aldehydes in the Reaction with 1[a](#tblfn7){ref-type="table-fn"}![](fx4.gif)![](fx5.gif)![](fx13.gif)![](fx22.gif)R = H,\
R = F,\
R = Cl,\
R = Br,\
R = I,\
R = Me,\
R = ^*t*^Bu,\
R = CH~3~S,\
R = CH~3~O,\
R = CF~3~O,3a, 85%, 99% ee;[b](#tblfn8){ref-type="table-fn"}\
3b, 81%, 99% ee;\
3c, 74%, 99% ee;\
3d, 77%, 98% ee;\
3e, 92%, 99% ee;\
3f, 80%, 98% ee;\
3g, 90%, \>99% ee;\
3h, 85%, \>99% ee;\
3i, 81%, 97% ee;\
3j, 83%, 99% ee;R = F, **3k**, 90%, 98% ee;\
R = CF~3~, **3l**, 91%, 95% ee;\
R = OCH~3~, **3m**, 91%, 98% ee;R = Cl, **3n**, 81%, 98% ee;\
R = Br, **3o**, 88%, 97% ee;![](fx14.gif)![](fx23.gif)**3p**, 94%, 99% ee;X = O, **3q**, 85%, \>99% ee;\
X = S, **3r**, 91%, \>99% ee;![](fx6.gif)![](fx15.gif)![](fx24.gif)**3S**, 76%, 98% ee;**3t**, 55%, \>99% ee;**3u**, 85%, \>99% ee;![](fx7.gif)![](fx16.gif)![](fx25.gif)X = O, **3v**, 81%, 97% ee;\
X = S, **3w**, 90%, \>99% ee;**3x**, 58%, \>99% ee;R = H, **3y**, 76%, 97% ee;\
R = Me, **3z**, 78%, 98% ee;![](fx8.gif)![](fx17.gif)![](fx26.gif)**3aa**, 85%, 98% ee;**3ab**, 68%, 93% ee;**3ac**, 58%, 97% ee;![](fx9.gif)![](fx18.gif)![](fx27.gif)**3ad**, 68%, 95% ee;**3ae**, 71%, 93% ee;**3af**, 71%, 97% ee;![](fx10.gif)![](fx19.gif)![](fx28.gif)**3ag**, 47%, 98% ee;**3ah**, 85%, 98% ee;**3ai**, 68%, 99% ee;![](fx11.gif)![](fx20.gif)![](fx29.gif)**3aj**, 52%, 15/1 dr;**3aj′**, 60%, \>20/1 dr;[c](#tblfn9){ref-type="table-fn"}**3ak**, 58%, \>20/1 dr;![](fx12.gif)![](fx21.gif)![](fx30.gif)**3ak′**, 79%, \>20/1 dr;[c](#tblfn9){ref-type="table-fn"}**3al**, 88%, \>20/1 dr;**3al′**, 61%, \>20/1 dr[c](#tblfn9){ref-type="table-fn"}[^10][^11][^12][^13]

α,β-Unsaturated aldehydes also served as suitable substrates (**3y**-**3ai**). Aryls, heteroaryls, alkyls, and vinyls with substituent were well tolerated at the β-position of the α,β-unsaturated aldehydes. Moreover, functional groups, such as alkyl chloride (**3af**), *tert*-butyldimethylsilyl (TBS)-ether (**3ag**), alkynyl (**3ah**), and prenyl (**3ai**), remained intact in the present reaction conditions. These functional groups offer the opportunity for further structure elaboration. It is noteworthy that acrolein (**2ab**), susceptible to conjugate addition, served as a suitable substrate to give the vinylogous product **3ab** in moderate yield with excellent enantioselectivity. The chiral aldehydes, including α,β-unsaturated aldehyde **2aj** derived from (−)-citronellal, (−)-perillaldehyde (**2ak**), and (−)-myrtenal (**2al**), were also investigated with both (*R*)-DTBM-SEGPHOS and (*S*)-DTBM-SEGPHOS. In both cases, the products (**3aj**, **3aj′**, **3ak**, **3ak′**, **3al**, and **3al′**) were obtained in good yields with excellent diastereoselectivity, which indicated that the asymmetric introduction was dominated by the copper(I)-catalyst. The absolute configuration of **3a** was determined to be *R* by transforming it to a reported compound (for details, see [Supplemental Information](#mmc1){ref-type="supplementary-material"}). The absolute configurations of other products were tentatively assigned by analogy.

Moreover, the substrate scope of aldehydes in the reaction with allyl sulfone **4** was evaluated ([Table 3](#tbl3){ref-type="table"}). Various aromatic aldehydes with a substituent at *ortho*-, *meta*-, or *para*-position were suitable substrates. Both 1-naphthyl and 2-naphthyl aldehydes were well applicable. The vinylogous products (**5a**-**5h**, **5k**, **5l**, **5n**, **5o**, **5p,** and **5am-5aq**) were isolated in moderate to excellent yields with excellent regio- and enantioselectivities. Heteroaromatic aldehydes also served as competent substrates without compromising enantioselectivity (**5q**, **5r**, **5u**, **5x**, **5ar** and **5as**). As for α,β-unsaturated aldehydes, aryls, heteroaryls, vinyls with substituent, and alkyls were accepted at β-position (**5y**, **5z**, **5aa**, **5ad**, **5ae**, **5at**, **5au,** and **5ah**). Moreover, the reaction conditions were successfully applied to chiral natural products bearing α,β-unsaturated aldehyde moiety, such as (−)-perillaldehyde (**2ak**) and (−)-myrtenal (**2al**). The corresponding vinylogous products (**5ak**, **5ak′**, **5al,** and **5al′**) were obtained in moderate yields with high diastereoselectivity. It is evident that in the case of (−)-myrtenal with (*S*)-DTBM-SEGPHOS, mismatch phenomenon was observed. The absolute configuration of **5a** was assigned to be *R* by its transformation to a known compound (for details, see [Supplemental Information](#mmc1){ref-type="supplementary-material"}). Analogically, the stereochemistry of other products was dictated tentatively. It should be pointed out that the gram-scale syntheses of both **3a** and **5a** were successfully carried out with constant results. Moreover, it should be mentioned that aliphatic aldehydes afforded α-adducts mainly in low yields at the present reaction conditions, which is a limitation of the present reactions. However, the vinylogous products of aliphatic aldehydes could be potentially accessed by the transformations of vinylogous products of various α,β-unsaturated aldehydes by means of the carbon-carbon double bond.Table 3Substrate Scope of Aldehydes in the Reaction with 4[a](#tblfn10){ref-type="table-fn"}![](fx31.gif)![](fx32.gif)![](fx38.gif)![](fx45.gif)R = H,\
R = F,\
R = Cl,\
R = Br,\
R = I,\
R = Me,\
R = ^*t*^Bu,\
R = CH~3~S,\
R = CO~2~Me,**5a**, 95%, 97% ee;[b](#tblfn11){ref-type="table-fn"}\
**5b**, 88%, 97% ee;\
**5c**, 93%, 97% ee;\
**5d**, 85%, 92% ee;\
**5e**, 82%, 91% ee;\
**5f**, 96%, 97% ee;\
**5g**, 91%, 95% ee;\
**5h**, 90%, 97% ee;\
**5am**, 76%, 98% ee;R = F,\
R = Br,\
R = Me,\
R = CF~3~,**5K**, 95%, 98% ee;\
**5an**, 85%, 92% ee;\
**5ao**, 98%, 99% ee;\
**5l**, 81%, 97% ee;R = F,\
R = Cl,\
R = Br,**5ap**, 80%, 97% ee;\
**5n**, 81%, 98% ee;\
**5o**, 76%, 98% ee;![](fx39.gif)![](fx46.gif)**5aq**, 88%, 97% ee;**5p**, 97%, 95% ee;![](fx33.gif)![](fx40.gif)![](fx47.gif)X = O, **5q**, 81%, 98% ee;\
X = S, **5r**, 84%, 98% ee;**5ar**, 76%, \>99% ee;**5u**, 85%, 95% ee;![](fx34.gif)![](fx41.gif)![](fx48.gif)**5as**, 78%, 97% ee;**5x**, 46%, 93% ee;R = H, **5y**, 84%, 94% ee;\
R = Me, **5z**, 51%, 95% ee;![](fx35.gif)![](fx42.gif)![](fx49.gif)**5aa**, 80%, 92% ee;R = Me, **5ad**, 50%, 93% ee;\
R = ^*n*^Pr, **5ae**, 70%, 97% ee;**5at**, 88%, 96% ee;![](fx36.gif)![](fx43.gif)![](fx50.gif)**5au**, 80%, 94% ee;**5ah**, 70%, 95% ee;**5ak**, 56%, \>20/1 dr;![](fx37.gif)![](fx44.gif)![](fx51.gif)**5ak′**, 60%, \>20/1 dr;[c](#tblfn12){ref-type="table-fn"}**5al**, 68%, \>20/1 dr;**5al′**, 53%, 10/1 dr[c](#tblfn12){ref-type="table-fn"}[^14][^15][^16][^17]

To get insights into the mechanism, *rac*-**α-3a** and *rac*-**α-5a** (racemic α-adducts) prepared according to a reported and a modified reaction procedure (for details, see [Supplemental Information](#mmc1){ref-type="supplementary-material"}) were subjected to the standard reaction conditions, respectively ([Scheme 2](#sch2){ref-type="fig"}A). It was found that *rac*-**α-3a** was completely consumed and **3a** was observed in 40% yield with 99% ee, together with benzaldehyde (**2a**), allyl phosphonate **1,** and α,β-unsaturated phosphonate **6**. These results clearly indicated that *retro*-aldol reaction of *rac*-**α-3a** proceeded to afford benzaldehyde (**2a**) and allyl phosphonate **1**. One portion of allyl phosphonate **1** reacted with benzaldehyde (**2a**) to give the vinylogous product **3a** in 40% yield with 99% ee in the presence of 5 mol % copper(I) catalyst and 20 mol % Barton\'s base. One portion of allyl phosphonate **1** isomerized to α,β-unsaturated phosphonate **6**, whereas the other portion of allyl phosphonate **1** remained. The same tendency was also observed in the *retro*-aldol reaction of *rac*-**α-5a**. This phenomenon indicated that significantly reversible α-addition led to the transformation of α-adducts to γ-adducts, which finally led to excellent control of the regioselectivity.Scheme 2Trials for *retro*-Aldol Reactions of α-Adducts and γ-Adducts

*Rac*-**3a** and *rac*-**5a** prepared by Cu(CH~3~CN)~4~PF~6~-*rac*-DTBM-SEGPHOS-catalyzed reactions were also submitted to the standard reaction conditions, respectively ([Scheme 2](#sch2){ref-type="fig"}B). Thin-layer chromatography, ^1^H nuclear magnetic resonance, and chiral high-performance liquid chromatographic analyses of the reaction crude mixtures indicated that slow and inefficient *retro*-vinylogous additions occurred, as **3a** was obtained in 83% yield with −18% ee, whereas **5a** was generated in 70% yield with −8% ee. It was obvious that the *retro*-vinylogous aldol reactions of both (*R*)-**3a** and (*R*)-**5a** proceeded selectively, which resulted in the slight enrichment of (*S*)-**3a** and (*S*)-**5a** in the reaction mixtures. However, these *retro*-vinylogous aldol reactions were very slow and inefficient, which would not have detrimental effect on the enantioselectivity in the catalytic asymmetric vinylogous aldol-type reactions of allyl phosphonate **1** and allyl sulfone **4**. Based on these important experimental observations and literatures ([@bib4], [@bib57], [@bib6]), a possible reaction pathway was proposed in [Supplemental Information](#mmc1){ref-type="supplementary-material"}.

The transformations of the vinylogous aldol products (**3a** and **5a**) were carried out as shown in [Scheme 3](#sch3){ref-type="fig"}. The cleavage of unsaturated double bond in **3a** was easily achieved through ozonolysis to deliver diol **8** in 67% yield after the reduction of generated aldehyde moiety with NaBH~4~. After being protected as TBS-ether, **3a** was reduced to phosphonate **10** with H~2~ in the presence of Pd/C. **10** Was easily transformed to α,β-unsaturated compounds **11** and **12** via α-functionalization and subsequent HWE olefination. The sulfone moiety in **5a** was successfully removed without touching the double bond to afford ester **13** in 52% yield after the protection of the alcohol motif. Sulfone **15** was easily accessed through the reduction of the unsaturated double bond and the protection of the hydroxyl group in **5a**, which was transformed to olefin **16** in 67% yield with \>20/1 *E*/*Z* ratio through modified Julia olefination. Ketone **17** was prepared from **15** in 68% yield in two steps by α-functionalization and the following removal of the sulfone group. Moreover, chiral diol **18** was synthesized from **5a** in 74% yield with \>20/1 diastereoisomeric ratio (dr) in two steps through intramolecular oxo-Michael addition and the cleavage of the generated acetal motif. Furthermore, the synthetic utilities of the present methodology were showcased by its applications in the asymmetric synthesis of yashabushidiol B and the formal asymmetric synthesis of (+)-cryptocaryalactone (for the details, see [Supplemental Information](#mmc1){ref-type="supplementary-material"}). Moreover, our synthetic route provided a straightforward method for the asymmetric synthesis of various chiral diols **19**. Some of the diols **19** (both natural and man-made) exhibited significant anti-proliferative activity on some human cancer cell lines ([@bib41], [@bib58]).Scheme 3Transformations of the Vinylogous Products

Limitations of Study {#sec2.1}
--------------------

Aliphatic aldehydes were not applicable in the present reactions as α-adducts were obtained in low yields and no vinylogous products were generated. Fortunately, α,β-unsaturated aldehydes served as competent substrates and their vinylogous products could be potentially converted to the vinylogous products of aliphatic aldehydes through the transformations of carbon-carbon double bond.

Conclusion {#sec2.2}
----------

In summary, two copper(I)-(*R*)-DBTM-SEGPHOS complex-catalyzed asymmetric vinylogous aldol-type reactions of aldehydes with allyl phosphonate and allyl sulfone were disclosed. These two reactions enjoyed advantages of 100% atomic economy, mild reaction conditions, easy reaction protocol, broad substrate scope, excellent regioselectivity, and excellent enantioselectivity. The mechanistic studies revealed a significantly reversible α-addition process and a slightly reversible γ-addition process, which accounted for the perfect control of the regioselectivity in these two vinylogous aldol-type reactions. Finally, various transformations of the vinylogous products (including HWE and Julia olefinations) were successfully carried out by means of phosphonate and sulfone. Application of the present methodology in the asymmetric synthesis of complex natural products is currently on the way in our laboratory.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1--S324
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[^1]: Lead Contact

[^2]: 

[^3]: HPLC, high-performance liquid chromatography; NMR, nuclear magnetic resonance

[^4]: **4/4′**, 0.1 mmol; **2a**, 0.2 mmol.

[^5]: Determined by ^1^H NMR analysis of reaction crude mixture using mesitylene as an internal standard.

[^6]: Determined by chiral-stationary-phase HPLC analysis.

[^7]: **4**. 0.2 mmol; **2a**. 0.1 mmol.

[^8]: 36 h.

[^9]: Cu(CH~3~CN)~4~PF~6~ and ligand, 3 mol %, Barton\'s base = 2-^*t*^Bu-1,1,3,3-tetramethylguanidine.

[^10]: HPLC, high-performance liquid chromatography; NMR, nuclear magnetic resonance

[^11]: **2**, 0.3 mmol; **1**, 0.9 mmol. Isolated yield was reported. Regio- and diastereoselectivity were determined by ^1^H NMR analysis of reaction crude mixture. Enantioselectivity was determined by chiral-stationary-phase HPLC analysis.

[^12]: Gram-scale synthesis.

[^13]: (*S*)-DTBM-SEGPHOS was used.

[^14]: HPLC, high-performance liquid chromatography; NMR, nuclear magnetic resonance

[^15]: **2**, 0.3 mmol; **4**, 0.6 mmol. Isolated yield was reported. Regio- and diastereoselectivity were determined by ^1^H NMR analysis of reaction crude mixture. Enantioselectivity was determined by chiral-stationary-phase HPLC analysis.

[^16]: Gram-scale synthesis.

[^17]: (*S*)-DTBM-SEGPHOS was used.
